In this Review, we use the canonical and non-canonical Wnt pathway and the Hippo growth pathway to exemplify how better precision, specificity and coordination can be derived from a minimal parts list. We focus on these pathways as they provide examples of several emerging principles of signalling, including the use of common components, discrimination of signals and mechanisms for signalling coordination and integration. These pathways have been the subject of intense investigation by many laboratories over the past decade and it is thus impossible to adequately review the literature for all of these pathways in this Review. Therefore, we refer the interested reader to a number of relevant reviews for each pathway (for example, and, here, we focus on advances in the past couple of years and on a few seminal papers that highlight the crosstalk and insulation of these signalling cascades. We also note that much pathway integration occurs at the level of gene regulation through the assembly and disassembly of transcriptional complexes. This topic warrants its own treatise and we regret that it is only referred to superficially here.
The convoluted world of Wnt signalling
The Wnt pathway first emerged from elegant classical genetics in Drosophila melanogaster as a key determinant for segmental and spatial organization of the body plan. These studies revealed the fundamental architecture of this pathway with double-negative regulation and feedback controls (see below; reviewed in REF. 6 ).
Geneticists were also the first to realize that the pathway 
GPCR
A type of receptor protein that traverses the membrane seven times and is typically coupled to G proteins (also known as Serpentine receptors). bifurcated, with one collection of components acting on transcriptional regulation through stabilization of the transcriptional activator β-catenin and the other on aspects of planar polarity. each arm of the pathway shared some components with the other, but certain mutations in these shared components had selective effects on one arm or the other, indicating dual and distinct roles. Moreover, some components of each arm have the rather disturbing property of lending their weight to distinct signalling pathways, thereby raising issues of selectivity and specificity. Indeed, this trick of nature has led to considerable confusion with many researchers as it is generally assumed that the commonality of a component between two systems translates into that component acting as a functional link. This is not usually the case, but it raises the question of why nature evolved pathways to employ shared gene products, given the importance of regulatory pathways. Is it simply parsimony or does this structure offer unappreciated benefits? Here, we argue the latter, while admitting that the evidence for this remains sparse.
Confusing Wnt terminology
There are distinct branches of Wnt signalling, commonly referred to as canonical and non-canonical pathways (FIG. 1; FIG. 2) . The former acts largely by controlling levels of the non-cadherin-associated pool of β-catenin and the latter refers to other actions of Wnt that are β-catenin independent. Setting aside the literal inappropriateness of the term ('canonical' is defined in the oxford english Dictionary as "according to recognized rules or scientific laws"), this separation of functions has been useful in simplifying the analysis of Wnt biology. For example, Wnt ligands can be classified into acting canonically or non-canonically by whether they induce secondary axis formation when injected into Xenopus laevis embryos.
Conventional descriptions of canonical Wnt signalling imply that the pathway is fairly linear, although evidence of more complex interactions has been widely appreciated through proteomic analyses 7, 8 . Adherent cells contain large amounts of β-catenin, with most of it lining the plasma membrane in association with cell adhesion molecules of the cadherin family. In the absence of a Wnt signal, a complex of proteins comprising adenomatous polyposis coli (APC), the scaffolding protein axin 1 (which acts to cluster the components), glycogen synthase kinase 3 (GSK3), casein kinase 1 (CK1) and others, acts as a machine to capture 'surplus' β-catenin molecules that are not cadherin-bound and to tag these by phosphorylation for ubiquitylation and destruction by the 26S proteasome (FIG. 1a) . This 'destruction complex' is highly efficient and soluble β-catenin levels are maintained at very low levels, despite continuous synthesis of β-catenin by the cell.
The binding of specific Wnt ligands (of which there are 19) to specific Frizzled G protein-coupled receptor (GPCR)-like receptors and low-density lipoprotein receptor-related protein (lRP) co-receptors (typically lRP5 or lRP6) occurs through the Dishevelled proteins and switches off the destruction complex by stopping phosphorylation of β-catenin (FIG. 1b) . newly synthesized, unphosphorylated β-catenin, freed from its otherwise imminent fate of destruction, begins to accumulate and to associate with members of the T cell factor (TCF) Figure 1 | The canonical Wnt signalling pathway. a | In the absence of a signal, the destruction complex adenomatous polyposis coli (APC)-axin 1-glycogen synthase kinase 3 (GSK3)-casein kinase 1 (CK1) binds and phosphorylates noncadherin-associated β-catenin, targeting it for destruction by the proteasome. In the nucleus, DNA-binding proteins of the T cell factor (TCF) and lymphoid enhancer-binding factor 1 (LEF1) family are bound by transcriptional repressors (such as the transducin-like enhancer proteins (TLEs; homologous to Drosophila melanogaster Groucho)). b | The binding of a Wnt ligand to its Frizzled receptor and lipoprotein receptor-related protein 5 (LRP5) or LRP6 co-receptor induces a change in conformation that results in phosphorylation of the co-receptor. This creates a high-affinity binding site for axin 1, causing disruption of the destruction complex. β-catenin can then accumulate and associate with the TCF or LEF1 proteins, dislodging the TLE repressors and hence promoting transcriptional activation of a programme of genes, including MYC and axin 2. Axin 2 feeds back to inhibit the pathway by promoting the assembly of more destruction complexes. The canonical pathway acts in a manner akin to a stationary car, in which the accelerator is depressed but the handbrake is also engaged, resulting in no net movement, albeit at the expense of energy. Wnt ligands have no effect on the accelerator but act by relieving the brake. one of the target genes induced in response to Wnt is axin 2, which encodes a protein related to the axin 1 scaffold 10 . Axin 1 is the least abundant molecule in the destruction complex and sets the limit on the number of such complexes in a cell 11 , although modulation of APC levels can also affect the capacity of the pathway 12 . Induction of the axin 2 gene therefore results in an increase in the capacity of a cell to process β-catenin for degradation, reducing the activity of the pathway. This feedback loop causes an inherent limit to the duration of Wnt signalling. Mutations associated with various cancers (including most colorectal cancers) inactivate components of the destruction complex (APC or axin 1) or remove the sites of phosphorylation on β-catenin, effectively cutting the brake line (reviewed in REF. 13 ). Indeed, levels of β-catenin in such tumours are often far higher than those seen during natural activation of the pathway, indicating the effectiveness of the restraints imposed on β-catenin.
Redirection rather than inhibition
The treatment of cells with inhibitors of GSK3 results in activation of the canonical pathway, as does genetic inactivation of this protein kinase, as long as both mammalian GSK3 genes (GSK3A and GSK3B) are silenced 14 . Genetic inactivation of three of the four GSK3 alleles does not result in constitutive Wnt pathway activation. This is because only a small fraction of the available GSK3 molecules (~5%) is physically associated with the destruction complex. Hence, even with only 25% of residual GSK3 molecules in a cell, this kinase saturates the even lower concentration of the available destruction complex (as dictated by axin 1 levels 11 ). only the GSK3 molecules bound to the complex are relevant for Wnt signalling, and this represents one mechanism that leads to signal insulation (see below). As inhibition of GSK3 induces canonical signalling and Wnt inactivates the destruction complex, then, ipso facto, Wnt must i nactivate GSK3. This supposition is also consonant with the means by which GSK3 is regulated by other pathways such as mitogens and growth factors that act through phosphatidylinositol 3-kinase (PI3K) or cAMP. These pathways induce phosphorylation of Ser21 and Ser9 on the amino-terminal domains of GSK3α and GSK3β, respectively, which reduces the activity of the kinases 15 . However, several groups have shown that Wnt disengages the destruction complex, not through inactivation of its components, but through a 'bait and switch'-like 
Planar cell polarity
A mechanism of cellular organization, distinct from apical-basal polarity, that is important in providing a higher order of arrangements in flat sheets of epithelial cells. mechanism 14 . Binding of Wnt to the Frizzled-lRP5 or lRP6 receptor complex induces a conformational change in lRP5 or lRP6, such that it becomes an attractive substrate for GSK3 and CK1 (REFS 16, 17) . Phosphorylation of the co-receptor by these kinases creates a high-affinity binding site for axin 1 and this leads to dissolution of the destruction complex, although the precise mechanism remains unclear 18 . Therefore, Wnt increases lRP5 or lRP6 phosphorylation by GSK3 and CK1, which leads to lower β-catenin phosphorylation. Importantly, Wnt signalling does not change the activity state of these two protein kinases, rather it redirects their attention to a distinct substrate or substrates (lRP5 and/or lRP6). A dual role in Wnt signalling has also been proposed for APC in D. melanogaster, whereby this tumour suppressor not only promotes β-catenin processing in the absence of a Wnt signal but, in the presence of Wnt, stimulates Axin degradation, hence accelerating the signal 19 .
Insulating the wiring
The proteins that comprise the canonical Wnt pathway are remarkable in that several also have important roles in other cellular functions (for example, β-catenin has a dual role in cell adhesion and signalling, APC has a dual role in protein degradation and microtubule organization, and GSK3 and CK1 are pleiotropic). Teleologically, it makes little sense for such an essential and influential pathway to be comprised of elements that seem to be borrowed from the inventory of other cellular processes. There are important questions raised by this organizational strategy. First, are there effective mechanisms to insulate the shared components such that the cell can maintain signal discrimination? If so, are there advantages in such organization compared to having entirely distinct molecules for each pathway?
As described for GSK3 above, only the small fraction of molecules of GSK3 that are physically associated with the destruction complex are relevant to Wnt signalling. There is a considerable amount of literature that associates, for example, polypeptide growth factorinduced inactivation of GSK3 through n-terminal domain (Ser21 or Ser9) phosphorylation with direct activation of the Wnt pathway, as judged by β-catenin stabilization. Despite this literature, cellular stimuli that lead to inhibition of GSK3 through n-terminal domain phosphorylation (for example, mitogens that activate AKT1 (also known as PKB)) do not cause stabilization of β-catenin. Moreover, mutants of GSK3 that cannot be inactivated by n-terminal domain phosphoryl ation are fully competent in mediating Wnt activation of β-catenin 14, 20, 21 . These findings indicate that the small number of GSK3 molecules bound to axin 1 is insulated from the bulk of the protein kinase that is not associated with the destruction complex. The isolation mechanism responsible for this signalling selectivity is not completely understood. However, axin 1 acts to chaperone both β-catenin and GSK3, rendering the phosphorylation reaction, in essence, first-order, reducing sensitivity to the specific activity of GSK3. Hence, even if the axin 1-associated GSK3 is partially inactivated by phosphorylation of its n-terminal domain, the effect on β-catenin phosphorylation will be marginal and it will not accumulate. It is also possible that participation in the destruction complex physically shields GSK3 from the protein kinases that phosphorylate and inactivate most of the GSK3 molecules that are not associated with the complex.
There is also genetic evidence in D. melanogaster that the dual roles of β-catenin in cell adhesion and nuclear signalling are insulated. Certain Armadillo (the fly homologue of β-catenin) mutants have been isolated that affect only cell adhesion or transcriptional properties (as assessed by tissue integrity and segmental polarity defects) 22 . The advantages of this duality of protein function may relate to higher-order coordination, a possibility we return to below.
Non-canonical Wnt signalling
Despite the complexities, the canonical Wnt pathway is still far better understood than the non-canonical Wnt pathway (FIG. 2) . originally, the non-canonical Wnt pathway was synonymous for the planar cell polarity (PCP) pathway -a pathway that regulates tissue morpho genesis and the synchronous polarity of sheets of cells (reviewed in REF. 23 ). This was based on the discovery in D. melanogaster that mutations in Frizzled and Dishevelled, as well as the other proteins encoded by 'core PCP genes' (Van Gogh, Flamingo (also known as Starry night), Diego and Prickle) disrupt tissue organization in an Armadillo-independent manner. Given the presence of Frizzled and Dishevelled in the PCP pathway, it was long thought that a non-canonical Wnt would activate Frizzled to provide spatial information to the PCP pathway. However, extensive genetic analysis failed to identify any PCP function for the D. melanogaster Wnt ligands. loss of all five of the Wnt ligands expressed in the wing 24 and removal of most Wnt ligands in the abdomen failed to disrupt their PCP 25 , showing that Wnt ligands do not control PCP in these tissues. Therefore, rather than calling Frizzledmediated PCP signalling the non-canonical Wnt pathway, it is probably more appropriate to refer to it as the Frizzled-PCP pathway.
A search for alternative upstream regulators of the Frizzled-PCP pathway in D. melanogaster identified Fat and Dachsous as important PCP regulators in all tissues (FIG. 2; FIG. 3 ). Fat and Dachsous and their mammalian homologues are large, atypical cadherins that control PCP in D. melanogaster and mammals [26] [27] [28] [29] . In D. melanogaster, Fat and Dachsous also function in growth regulation. Although they were first proposed to act upstream of the Frizzled core PCP genes 28 , more recent studies have suggested that they may act in a parallel pathway for PCP control 30 (reviewed in REF. 31 ). Current models suggest that Dachsous binds to Fat to inhibit its activity. The cytoplasmic domain of Fat binds a transcriptional co-repressor, Atrophin (also known as Grunge) 32 , which regulates PCP target genes, such as four-jointed. Fat activity is controlled by gradients of Dachsous and Four-jointed 33, 34 . How Fat activity then regulates tissue organization is still unclear. 
Convergent extension
A non-mitotic developmental process that involves elongation in one axis of a band (or bands) of cells, usually resulting in the coverage of a structure.
Neural tube
The precursor structure of the vertebrate nervous system that develops into the brain and spinal cord.
The Frizzled-PCP and Fat-Dachsous pathways are conserved in vertebrates, in which they function to regulate tissue organization, most notably the polarized movements of convergent extension during development, the orientation of hair cells in the inner ear and neural tube closure (reviewed in REF. 35 ). In a surprising twist, the loss of function of several Wnt ligands that are largely non-canonical Wnt ligands gives rise to similar PCP phenotypes in vertebrates. This has led to the proposal that some Wnts may function in a vertebrate non-canonical Wnt-PCP pathway. It is still unclear how the non-canonical Wnt-PCP pathways relate to the core PCP pathway or the Fat-Dachsous-PCP cassette.
Wnt ligands have been traditionally subdivided into canonical and non-canonical groups, based on their ability to induce a secondary body axis in X. laevis and to transform C57MG epithelial cells, indicating β-catenin signalling 36, 37 . WnT1, WnT3A, WnT8A and WnT8B have therefore been suggested to act through the canonical pathway (that is, through β-catenin), whereas WnT5A, WnT4 and WnT11 have been classed as non-canonical Wnt ligands that do not affect β-catenin levels but cause convergent extension movements during development. A plethora of downstream mediators respond to these non-canonical Wnt ligands (reviewed in REF. 38 ), suggesting that there are in fact multiple non-canonical Wnt pathways.
one class of downstream mediators have been called the Wnt-Ca 2+ pathway and are associated with the activation of a phospholipase C (PlC)-mediated increase in intracellular Ca 2+ levels and the activation of calmodulindependent protein kinase II (CAMKII), protein kinase C (PKC) and the nuclear factor of activated T cells (nFAT) transcription factor. Another set of responses involves the Rac, Rho and Rap small G proteins, and is associated with activation of the jun n-terminal kinase (jnK) pathway and alterations in the cytoskeleton. However, the boundaries between these classes are still unclear and need further clarification. A larger question that is still unanswered is why it is generally accepted that Wnt proteins regulate PCP in vertebrates, despite careful genetic analysis in D. melanogaster excluding a role for Wnts in PCP. one possibility, of course, is that the use of Wnts in PCP is a vertebrate-specific adaptation. However, an alternative possibility is that the role of Wnts in PCP in higher organisms may also be indirect, as has been shown in D. melanogaster, in which Wingless regulates the expression of PCP regulators such as Dachsous and Four-jointed. In any case, more studies are needed to define the exact role of the non-canonical Wnts in PCP.
Crosstalk between various Wnt pathways
A notable characteristic of many forms of non-canonical Wnt signalling seems to be an inhibition of canonical signalling. early studies showed that overexpressed WnT5A can block the stabilization of β-catenin induced by WnT1 (REF. 39 ). expression of WnT5A can also activate neMo-like kinase (nlK), which phosphorylates TCF transcription factors, thus inhibiting canonical Wnt signalling 40, 41 . In fact, it seems that simply inhibiting canonical signalling can, in some conditions, lead to PCP effects. For example, overexpression of the canonical Wnt feedback inhibitor, the cytoplasmic eF-hand protein naked, produces strong PCP effects in D. melanogaster 42 and convergent extension defects in X. laevis 43 . Recent work has identified additional pathways that mediate crosstalk between the non-canonical and canonical Wnt pathways. lee and co-workers 44, 45 found that stimulation of WnT5A leads to increased PKC activity. Activated PKC phosphorylates RoRα (retinoic acid-related orphan nuclear receptor α), which in turn binds with high affinity to β-catenin at promoters and represses transcription, thus inhibiting β-catenindependent activity. This obviously opens up many avenues for modifying β-catenin activity, through the many pathways that can activate PKC. In yet another mechanism for crosstalk between canonical and noncanonical Wnts, Sato et al. 46 have recently shown that WnT5A can also suppress canonical Wnt signalling by competing for Frizzled receptors and also by inducing 
CRD domain
A Cys-rich region located on the extracellular portion of GPCR receptors that is essential for binding ligands.
WW repeat
A protein motif that binds certain polyPro peptides and/or phosphorylated peptides (usually phosphoSer or phosphoThr peptides).
the internalization of frizzled 2. Recently, WnT5A has been shown to use Dishevelled and APC to modulate its effects on focal adhesion dynamics during cell movement 47 . APC has long been recognized to have important roles in microtubule organization and dynamics 48 . This provides an apt example of how the lines between the canonical and non-canonical elements can be blurred.
There is still a great deal of debate as to how noncanonical Wnt ligands function. For example, WnT5A has been shown to regulate Ca 2+ , Rac, Src kinases, CAMKII, jnK and β-catenin [44] [45] [46] [49] [50] [51] [52] . Part of the answer to this complexity may lie in the cellular context and the specific Frizzled receptors these cells express. For example, although WnT5A is needed for convergent extension processes in embryonic development in a β-cateninindependent manner, co-expression of frizzled 4 and lRP5 can convert the WnT5A response to stabilizing β-catenin, as can expression of frizzled 5 (REFS 52,53).
Non-Frizzled Wnt receptors
Although it is clear that some of the diversity of Wnt signalling can be explained by the Frizzled receptor complement present on different cells, excitingly, recent data have suggested that some of the answer may also lie in newly described non-Frizzled receptors for some Wnt ligands: the RYK and Ror Tyr kinases 51 (reviewed in REFS 38, 45, 54 56 , that can activate the canonical pathway. This exciting finding suggests that there are many other, as yet unidentified, ligands that can affect the selection of the canonical and non-canonical pathways.
Growth control by Fat PCP regulators Surprisingly, the large cadherins Fat and Dachsous are not dedicated solely to the control of PCP but have another, apparently independent, role as important growth regulators. loss of fat leads to dramatic tissue overgrowth, leading to its original classification as a D. melanogaster tumour suppressor gene. Subsequently, genetic studies indicated that fat regulates growth through a conserved kinase cassette, known as the Hippo kinase pathway (reviewed in REF. 31 ).
The Hippo pathway was first discovered and characterized in D. melanogaster (reviewed in REF. 57 ). The core of the Hippo pathway is relatively simple (FIG. 4) and well conserved in vertebrates. The Sterile 20-like kinase Hippo forms a complex with the WW-repeat scaffolding protein Salvador to phosphorylate and activate the DBF family kinase Warts. Activated Warts, in association with adaptor protein MATS (mob as tumour-suppressor protein 1), phosphorylates and inhibits Yorkie. Yorkie is a non-DnAbinding co-activator that enhances the transcription of 
Contact inhibition
The growth-suppressive effect that occurs when epithelial cells are in physical contact.
genes that promote cell proliferation (such as Cyclin E and the microRnA bantam) and prevent apoptosis (such as Drosophila inhibitor of apoptosis 1 (diap1; also known as thread)). The phosphorylation of Yorkie by Warts inhibits Yorkie nuclear localization, preventing it from acting on its growth-promoting and apoptosis-inhibiting targets. Yorkie functions with the transcription factor Scalloped in the regulation of growth control [58] [59] [60] . Genetic studies clearly indicate that Fat regulates the Hippo pathway 31, [61] [62] [63] [64] , but these and other studies also suggest that there are other, as yet unidentified, cell surface receptors [65] [66] [67] . How the Hippo pathway connects to the Fat and Dachsous cadherins and other cell surface receptors is still unclear and is an area of much research. Some studies suggest that Fat regulates Hippo activity through the FeRM domain protein expanded, which functions redundantly with another FeRM domain protein Merlin (also known as neurofibromin 2 (nF2) in mammals) to control Hippo activity 68 . Transcription of fat, dachsous, four-jointed, expanded and Merlin are enhanced by loss of Hippo pathway activity, providing negative feedback and also allowing changes in Hippo activity to be transmitted to adjacent cells. Fat also binds CK1ε, which promotes Hippo pathway activity 69, 70 . There are multiple interactions between the upstream components. expanded can bind Hippo, and Merlin can bind Salvador 71 . Interactions between expanded and Merlin are promoted by Kibra, a cytoplasmic protein with two WW domains and a C2 domain that is essential for maximal Hippo pathway activation [71] [72] [73] . In addition, Kibra can bind Hippo, promoting its association with membranes, which may contribute to activation of the pathway. expanded can also regulate Yorkie in a Hippo-independent manner, sequestering Yorkie at apical junctions 57, 74 . The small myosin-like protein Dachs functions downstream of Fat to modulate Hippo pathway activity, possibly by controlling the stability of Warts 62 . More work is clearly needed to understand how Fat and other cell surface receptors regulate growth through the Hippo pathway.
The study of Hippo pathway components in vertebrates has revealed conservation of the general organization seen in D. melanogaster, although, as is often the case, there are multiple family members in the vertebrate pathway (reviewed in REF. 57 ). The vertebrate orthologues of Hippo are MST1 (also known as STK4) and MST2 (also known as STK3). like Hippo, MST1 and MST2 phosphorylate and activate the Warts orthologues, lATS1 and lATS2. lATS1 and lATS2 phosphorylate the two Yorkie homologues, YAP (also known as YAP65) and transcriptional co-activator with PDZ-binding motif (TAZ; also known as WWTR1), leading to the cytoplasmic retention of these growth-promoting transcriptional co-activators. YAP and TAZ partner with four TeA domain transcription factors (TeAD1-TeAD4), Runx, eRBB4 and p73. Interestingly, loss of MST1 and MST2, loss of WW45 (Salvador homologue 1), lATS1 and lATS2, and amplification of YAP, are involved in various cancers. In addition, the long-studied but poorly understood phenomena of contact inhibition were shown to require YAP and the Hippo pathway. There are four Fat-like genes in mammals, but it is not yet known if they regulate Hippo activity, or if there are other regulators in higher organisms.
Bountiful crosstalk in the Hippo pathway As we learn more about the Hippo pathway, the initially simple linear pathway described from genetic studies begins to unravel into a much more complicated and intertwined picture, revealing many points of crosstalk with multiple signalling pathways (FIG. 5) . Work in D. melanogaster has shown that Wingless and Decapentaplegic (DPP) regulate expression of Dachsous and Fourjointed 28, 75 , suggesting that activity of Wingless and DPP may affect Hippo signalling. Conversely, expression of Wingless and Serrate (a notch ligand) are regulated by Yorkie 62 . Yorkie also regulates diverse morphogen signalling by controlling expression of the heparan sulphate proteoglycans Dally and Dally-like 76 . Interestingly, the microRnA bantam is not only regulated by the Hippo pathway, but also by notch, Wingless and insulin-target of rapamycin (ToR) signalling 77 . The complexity of bantam control also highlights differential transcription factor interactions with Yorkie in growth control. Whereas the TeA domain family transcription factor Scalloped functions with Yorkie to regulate growth in the wing, recent studies have shown that the TAle family transcription factor Homothorax, together with the zinc finger transcription factor Teashirt, function with Yorkie to regulate growth in the D. melanogaster eye disc 78 . Although the transcriptional co-activator YAP was thought to be committed to the Hippo pathway, several exciting studies have uncovered roles for YAP in regulating the signalling strength of numerous other well-characterized signalling pathways. A recent study revealed that YAP can act as a transcriptional activator in the bone morphogenic protein (BMP) pathway with SMAD1 and is needed for the BMP suppression of neural differentiation of mouse embryonic stem cells 79 . Therefore, when Hippo pathway activity is high, YAP is phosphorylated and excluded from the nucleus, reducing activity of the BMP pathway. This provides an integration of Hippo and BMP signalling at the transcriptional level. This integration is conserved: in D. melanogaster, Yorkie is needed for maximal signalling by the BMP orthologue DPP 79 . Recent studies have revealed that YAP also provides an integration point in Hedgehog signalling 80 , acting as a transcriptional co-activator for Gli transcription factors.
There is also integration between Hippo signalling and Wnt signalling. The Yorkie homologue TAZ binds to Dishevelled proteins in the cytoplasm 81 . This inter action inhibits Dishevelled function, leading to reduced β-catenin signalling on Wnt stimulation. Conversely, loss of TAZ enhances β-catenin signalling. This crosstalk is conserved in D. melanogaster, in which loss of Yorkie enhances the expression of Wingless target genes in vivo 81 . Similarly, some of the pro-growth, anti-apoptotic functions of the PI3K-AKT1 pathway were recently found to be due to phosphorylation of MST1, providing another point of integration between known growth factor pathways and Hippo activity 82 . until recently, the pro-growth and anti-apoptotic functions of YAP were thought to be purely cell autonomous, acting on cell cycle regulators and inhibitors of apoptosis. However, this has changed, as a recent study identified the epidermal growth factor receptor (eGFR) ligand amphiregulin as a transcriptional target of the Hippo pathway in mammals 83 and showed that activation of YAP leads to proliferation of neighbouring cells in an eGFR-dependent manner. This study also showed that Yorkie interacts with eGFR in D. melanogaster, suggesting that alterations in Hippo pathway activity will have non-autonomous effects in both normal development and in cancers.
Finally, there are hints that there are as yet unidentified complexities even at the core of the Hippo pathway. A recent study 84 examined mice lacking both MST1 and MST2. As expected, targeted loss of MST1 and MST2 in the liver resulted in massive overgrowth and eventual hepatocellular carcinoma. Surprisingly, however, they found that even in the absence of MST1 and MST2, contact inhibition of mouse embryonic fibroblasts (MeFs) occurs normally. In these MeFs, phosphorylation of lATS1, lATS2 and YAP occurs normally; therefore, there must be lATS1 and lATS2 activators other than MST1 and MST2 in MeFs. Similarly, when they examined the liver of MST1 and MST2 double mutants, YAP phosphorylation occurred, but in the absence of lATS1 and lATS2 activation. The identity of the lats activator and YAP kinase are currently unknown.
The benefits of double duty even if cells are capable of effectively segregating signals that seem to pass through common elements, why take the risk? one can only speculate, but part of the answer may stem from the fact that the number of signalling pathways discovered to date is remarkably limited, given bio logical complexity. Although there is tremendous diversity at the level of ligands and receptors, once the receptor Tyr kinase or GPCR has been engaged, there are a much smaller number of options available for the transmission of signals in the cell. Moreover, despite the practical scientific need to probe cellular responses to individual signals, this scenario is hardly physiological. Cells are exposed to a veritable cacophony of signals that is constantly changing. In this reality, it is not so much that signals turn on or off, rather how they interact and integrate in the context of any given cell. Perhaps this is a clue to the preponderance of shared components in signalling? Yet, given the established roles of Fat and Dachsous in regulating the Hippo pathway and separately controlling PCP, one has to wonder if this separation is only apparent. It seems wasteful to position Fat as a key mediator of tissue growth and tissue patterning and not to take advantage of that position to integrate those signals.
evidence for the advantages of shared molecules is subtle, but it may be argued that it is obscured by the insulation systems discussed above -systems that are essential to avoid the chaos that would occur if there was indiscriminate cross-contamination of information. Despite this, there are examples that hint at the existence of hidden underpinnings of signal transduction. The most obvious theoretical advantage of common components is crosstalk and coordination. There are many well-d ocumented biochemical links between signalling pathways, such as the transcriptional product of one signal being a negative regulatory protein of another (for example, the mitogenactivated protein kinase phosphatases that are induced at the transcriptional level by stresses that act through jnK and p38 to dephosphorylate and inactive the extracellular signal-regulated kinases 85 ). The Wnt pathway offers similar links, such as the role of tankyrase-mediated poly-ADP ribosylation in destabilizing axin 1, thereby providing a new input for regulators of tankyrase on Wnt pathway sensitivity 86 . These links serve as direct and rapid co ordinators that tune the activity of signals at an intensive and detailed level. The importance of these mechanisms has been particularly recognized through systems biology efforts to model short-term pathway responses (in minutes) to specific triggers, such as tumour necrosis factor-α 87 . There are also advantages in terms of multi-purposing. The destruction complex, for example, pro cesses not only β-catenin for degradation but also MYC 88 .This mechanism of MYC degradation is, seemingly, not regulated by Wnt but, given that MYC is an important transcriptional target of β-catenin, the common machinery at the least provides opportunity for coordination.
less obvious inter-pathway influences occur on longer timescales (hours rather than seconds or minutes). This evidence was derived initially from developmental biology studies of model organisms that noted reciprocity of phenotypes in processes governing fundamental embryonic patterning processes such as segmental polarity, in which, for example, mutants in the Hedgehog pathway caused effects on Wingless-regulated processes, and vice versa. These influences probably reflect programming events that attempt to compensate for reduced activities in certain pathways through sporadic loss of cells and form the basis of biological robustness. Although a loss-of-function mutation that permeates all cells will usually defeat such compensatory systems, development succeeds in the face of frequent accidents as a consequence of intrinsic recalibration of cellular sensitivities to pathways. using the canonical Wnt pathway as an example, the absolute levels of β-catenin seem less important than fold differences 89 , although this may be tissue dependent as suggested by an allelic series of APC mutations 90, 91 . This phenomenon has advantages in organismal adaptation and allows the resetting of global cellular responses to a signal. The mechanisms by which this is achieved are being uncovered.
The simple axin 2 negative feedback loop is one example of resetting, but it is selective for the canonical Wnt pathway. More complex loops, whereby a regulator controls both positive and negative elements of a system, can lead to changes in multiple parameters including signal amplitude, duration and sensitivity 92 . Such wider impacts may be mediated by regulators like GSK3, which has roles in not only the Wnt, growth factor and insulin signalling pathways but also regulates the Hedgehog and notch pathways. Complete inactivation of GSK3 leads to activation and dysregulation of β-catenin, notch, Hedgehog and other pathways, the result being an effective block to differentiation (but not cellular viability) as visualized in embryonic stem cells and neuronal precursors 14, 93 . However, inactivation of 75% of this promiscuous regulator results in minimal, if any, developmental effects. Such a 'non-outcome' must reflect a considerable correction of signalling receptivity in the background. Although such changes in GSK3 are unlikely to be physio logically relevant, this common protein may act as a tether, helping to align and adjust pathway activities.
Concluding remarks
The fact that key regulatory pathways often share components complicates their analysis and the understanding of their functions. use of small molecule inhibitors or RnA interference will break down the natural barriers and mechanisms of insulation, resulting in these tools having an impact on multiple systems. Development of therapeutic strategies should take the linkages into consideration in estimating therapeutic windows. Although a small molecule might show exquisite selectivity for its target protein, that specificity is lost if its target has a natural promiscuity that is normally held in check, for example through sequestration. Targeting selective insulating systems may provide new opportunities such that only a specific role of a target might be affected, leaving its other functions intact. Finally, the core adaptability of signalling molecules may provide natural buffering against un desired effects if the differential sensitivities of pathways are taken into account.
